We demonstrate a promising way for the fabrication of high-quality InAs quantum dot ͑QD͒ arrays by combining atomic force microscope ͑AFM͒ tip-induced nano-oxidation, atomic-hydrogen etching/cleaning ͑AHE/C͒, and droplet epitaxy method. The highly aligned defect-free nanoholes as nucleation sites were fabricated by using AFM tip-induced nano-oxidation and subsequent AHE/C. Using the droplet epitaxy on the artificially patterned nanoholes, we fabricated laterally arrayed InAs QDs with an interdot distance of 100 nm. The photoluminescence from the InAs QD arrays showed strong emission at 1.22 eV, even though the processed interface directly faced the base of the InAs QDs, indicating that the process can reduce the physical and chemical defects/contaminants at the nanoholes and interface. In particular, for the application of the quantum devices, it is necessary to fabricate site-controlled nanostructures with high quality. Many research works have been carried out for the fabrication of site-controlled QDs by patterning and regrowth techniques, such as an electron-beam ͑EB͒ lithography combined with Cl 2 gas etching, or scanning tunneling microscope tip-assisted patterning with overgrowth process.
Recently, there have been many proposals for device applications of the quantum dot ͑QD͒ nanostructures, such as single-photon emitters and QD cellular automata cell for quantum communication and logic devices, respectively. 1, 2 In particular, for the application of the quantum devices, it is necessary to fabricate site-controlled nanostructures with high quality. Many research works have been carried out for the fabrication of site-controlled QDs by patterning and regrowth techniques, such as an electron-beam ͑EB͒ lithography combined with Cl 2 gas etching, or scanning tunneling microscope tip-assisted patterning with overgrowth process. 3, 4 These techniques are based on surface modification to fabricate nucleation sites, such as nanoholes. However, the main problem related to such patterning and regrowth techniques is the introduction of contaminants and defects into the nanoholes and/or at the interface caused by chemical and physical process, 5 such as energetic EB lithography. Because of the introduction of defects and contaminants during the process, it is difficult to fabricate highquality QDs directly grown on the nanoholes. In other to fabricate site-controlled QDs with high quality, it is important to produce defect-and contaminant-free nanoholes as nucleation sites. Moreover, for the devices application, it is highly desired to fabricate QDs with well-controlled position.
In this letter, we suggest a promising way to fabricate site-controlled QDs with high quality based on the patterning and regrowth process, which can reduce the interface defects and contaminants between QDs and nanoholes to a negligible level by using the combination of atomic force microscope ͑AFM͒ tip-induced nano-oxidation, atomic-hydrogen etching/cleaning ͑AHE/C͒, and regrowth of InAs QDs by using the droplet epitaxy.
The AHE/C and regrowth of InAs QDs were performed in a molecular-beam epitaxy ͑MBE͒ chamber. First, a Sidoped GaAs buffer layer with a thickness of 1 m was grown on undoped GaAs ͑001͒ substrate. To obtain the atomically flat GaAs surface for the process of AFM tipinduced nano-oxidation, a ten-period GaAs/ AlGaAs superlattice was inserted into the buffer layer. 6 After growth, the GaAs substrate was removed from the MBE chamber and transferred into the programmable AFM system to fabricate the nano-oxide dots without introducing the surface/interface physical damage compared to EB lithography. Highly aligned nano-oxide dots were formed on the atomically flat GaAs surface by AFM tip-induced nano-oxidation in a contact mode at room temperature under controllable humidity condition. 6 After the formation of the oxide dots, the substrate was transferred back into the MBE chamber, where the thin native oxide layer, the surface contaminants, and the nanooxide dots were removed by using atomic hydrogen ͑so called, soft etching͒. Atomic hydrogen was generated by a hot tungsten cracker and fed onto the sample surface. 6, 7 The AHE/C was performed at a substrate temperature of 420°C and at a H 2 pressure of 3 ϫ 10 −6 Torr without As irradiation. The removal of the surface oxide structures was monitored by reflection high-energy electron diffraction patterns during the AHE/C process. The perfectly etched and cleaned GaAs ͑001͒ surface showed the surface reconstruction of ␤͑2 ϫ 4͒. 6, 8 The cleaning quality of the AHE/C on GaAs surface was confirmed by photoluminescence ͑PL͒. 8 After the formation of the nanoholes, indium ͑In͒ was supplied by the following sequence in order to control the In droplet position. For the In deposition, we kept the arsenic ͑As͒ background pressure of 3 ϫ 10 −12 Torr to avoid initial two-dimensional and Stranski-Krastanow growth of InAs and InGaAs, 9 which may act as an In migration stopper during droplet formation. The In, with a nominal amount of 3 monolayers, was supplied on the nanoholes at a substrate temperature of 300°C without an As 4 flux to improve the surface migration length, because the In migration length strongly depends on the substrate temperature. 9 After In deposition on the nanoholes, the In droplets were crystallized to InAs by supplying an As 4 flux of 1 ϫ 10 −4 Torr at a substrate temperature of 50°C to prevent two-dimensional growth of InAs during the crystallizations. 9 Finally, to improve the crystal quality of InAs QDs, a subsequent thermal annealing process was performed at a substrate temperature of 500°C under the As 4 flux of 1 ϫ 10 −5 Torr. 9 To investigate the optical properties of the InAs QDs, the QD layer was capped with a 50 nm thick GaAs layer at a substrate temperature of 500°C.
The surface morphology for each process step was monitored by AFM measurements in a noncontact mode ͑NC-AFM͒ with a carbon nanotube ͑CNT͒ cantilever to minimize the tip convolution effects and improve the resolution of AFM image for dots and holes. The optical properties of the regrown InAs QD array on the patterned surface were investigated by PL measurement, where an argon-ion laser with a wavelength of 488 nm was used, and its intensity was 4 W/cm 2 . Figure 1 shows the schematic illustration of the experimental procedures for ͓Fig. 1͑a͔͒ the formation of the nanooxide dots on GaAs ͑001͒ surface by the AFM tip-induced oxidation, ͓Fig. 1͑b͔͒ the subsequent removal of nano-oxide dots and native oxide layer including surface contaminants by atomic hydrogen irradiation, and ͓Fig. 1͑c͔͒ the deposition of InAs QDs on the nanoholes by droplet epitaxy method. 9 At a humidity condition, a thin water layer ͓the top layer in Fig. 1͑a͔͒ was formed on the GaAs surface. The neutral water layer includes same amount of OH − and H + ions. By approaching the tip to substrate, a very narrow water column was formed between the tip and the substrate, as shown in Fig. 1͑a͒ . If an electric field is applied between the AFM tip and the GaAs surface, the electric field pushes OH − into the GaAs layer resulting in the formation of As and Ga oxides. The oval feature directly under the tip stands for an oxide structure. The oxide dots are composed of Ga 2 O 3 and As 2 O x , where x = 1, 3, or 5 stands for the various oxides of arsenic. 10 During the oxidation, the GaAs is changed to Ga 2 O 3 and As 2 O x with volume expansion resulting in the formation of a positive structure, such as a dot. It indicated that the height of oxide dot is proportional to the oxide formation depth into the GaAs crystals. The sizes of oxide dots can be controlled by changing the relative humidity, bias voltage ͑V͒, pulse width ͑P W ͒, pulse periods ͑P P ͒, and pulse duration ͑P D ͒. From the concept of oxide formation, we expect that the various nanoholes can be achieved by using an oxide etching process. In Fig. 1͑b͒ , during the atomic hydrogen etching, Ga 2 O 3 and As 2 O x can be changed to a volatile species, such as water molecules, as well as As 2 , GaOH, and Ga 2 O. 6, 11, 12 After the formation of the nanoholes, the In droplets were deposited on the nanoholes and, subsequently, the In droplets were crystallized by supplying the As flux to fabricate site-controlled InAs QDs as shown in Fig. 1͑c͒ ͑the dotted lines only stand for supplying each flux with separation of time sequence by means of droplet epitaxy͒. Figure 2͑a͒ shows the AFM image with a cross-sectional profile for the nano-oxide dots grown by AFM tip-induced oxidation at a bias voltage of 8 V, a P W of 2 ms, a P P of 10 ms, and a P D of 1 second under a humidity of 55%, and Fig. 2͑b͒ is a summary of the controllable size of oxide dots. The oxide dots have a dome shape, indicating that the oxidation process is accompanied by a volume expansion due to the formation of Ga 2 O 3 and As 2 O x . In the experiments, the various sizes of oxide dots can be achieved by changing the oxidation conditions, such as varying the humidity condition ͑55-65%͒, bias voltage ͑8-12 V͒, and P P ͑10-100 ms͒ with a fixed P W = 2 ms and P D =1 s. 6 In Fig. 2͑b͒ , by increasing the lateral size of oxide dots from ϳ30 to ϳ 150 nm, the height of oxide dots changes from ϳ0.5 to ϳ 6 nm. Although it is still hard to measure the exact lateral size of oxide dots due to the tip convolution effects, even by using NC-AFM with a CNT cantilever, the proportional relationship can be expected between the outside-oxide ͑oxide dots on GaAs͒ and the inside-oxide ͑penetrated oxide region in GaAs͒ volume of the nano-oxide structures. These results showed that the size of the nano-oxide structures can be controlled by using AFM tip-induce oxidation on GaAs ͑001͒. Figure 3͑a͒ shows the AFM images for the nanoholes with a depth profile after AHE/C, and Fig. 3͑b͒ is a summary of the controllable size of nanoholes. After AHE/C of the various oxide structures in Fig. 2 , we found that the oxide structures were removed from the GaAs surface. The depth of nanoholes is strongly dependent upon the initial oxide size, especially the height of the oxide dots. This could be explained by the volume expansion effect due to the formation of Ga 2 O 3 and As 2 O x inside the GaAs crystal caused by interdiffusion of OH − during the oxidation process. As a result, we can fabricate nanoholes with the sizes from ϳ15 to ϳ 120 nm on GaAs ͑001͒ as shown in Fig. 3͑b͒ . When comparing the sizes of oxide dots in Fig. 2 , the sizes of nanoholes strongly depend on their initial oxide-dots sizes. These results indirectly showed that the outside volume of the oxide dot is proportional to the inside volume of FIG. 2 . ͑Color online͒ The AFM image with a cross-sectional profile for ͑a͒ the nano-oxide dots grown by AFM tip-induced oxidation at a bias voltage of 8 V, a P W of 2 ms, a P P of 10 ms, and a P D of 1 s under a humidity of 55%, and ͑b͒ summary of the controllable size of oxide dots. the oxide materials. From these results, we believe that the highly aligned nanoholes with various sizes can be easily achieved by combining the AFM tip-induced oxidation and AHE/C on a GaAs ͑001͒ surface. Figure 4͑a͒ shows an AFM image of InAs QD array, where the interdot distance was 100 nm. We found that wellaligned InAs QDs, with an average diameter of 25 nm, were formed inside of each nanohole, as shown in Fig. 4͑a͒ and the inset of Fig. 4͑b͒ . Figure 4͑b͒ shows the PL spectra from the InAs QD array ͑a dot array area is 20ϫ 20 m͒ measured at 10 K. The peak position and full width at half maximum of the InAs QD array are 1.22 eV and 35 meV, respectively. The PL signal from the InAs QD array is strong even though the base of the InAs QDs directly faced the nanoholes, indicating that AFM tip-induced oxidation and AHE/C, can reduce the physical and chemical defects/contaminants at the nanoholes and the interface.
In conclusion, a high-quality InAs QD array was fabricated by combining the AFM tip-induced oxidation, AHE/C, and regrowth process by droplet epitaxy. The defect-and contaminant-free nanoholes were fabricated by using AFM tip-induced nano-oxidation and AHE/C. The laterally arrayed InAs QDs were fabricated by droplet epitaxy on the nanoholes. The PL from the InAs QD array showed strong emission at 1.22 eV, even though the processed interface directly faced the base of the InAs QDs. Combining soft lithography and the regrowth process without introducing significant defects and contaminants, we successfully grew an InAs QD array with high quality on patterned nanoholes.
